Photon mass and electrogenesis 
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Abstract 

We show that if photon possesses a tiny but non-vanishing mass the universe cannot be elec- 
trically neutral. Cosmological electric asymmetry could be generated either at an early stage 
by different evaporation rates of primordial black holes with respect to positively and negatively 
charged particles or by predominant capture of protons in comparison to electrons by heavy galac- 
tic black holes in contemporary universe. An impact of this phenomenon on the generation of large 
scale magnetic fields and on the universe acceleration is considered. 
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The universe is known to be asymmetric with respect to particles and antiparticles pos- 
sessing, at least locally, non-zero baryonic and, possibly, leptonic charge density. On the 
other hand, it is commonly believed that cosmological electric asymmetry must be identi- 
cally zero. The observational data allow for some small cosmological electric asymmetry [lj], 
but theoretically it is very difficult or maybe even impossible to generate it without modifi- 
cation of the usual Maxwell electrodynamics. There are two mutually related reasons for the 
absence of any cosmological electric asymmetry: electric current conservation and vanishing 
of the photon mass. 



Attempts to 



per iment ally 



Dreak electric current conservation theoretically 

aa 

or to observe it ex- 



have a long history. If photon mass is zero, then the Maxwell equations 



automatically imply current conservation. Indeed from 

V^F"" = 4ttJ v (1) 

follows 

v v r = -l=d v {V^r) = o, (2) 

because the divergence of the l.h.s. of equation jT]) is identically zero due to the antisym- 
metry of the Maxwell field tensor, F^ v '. Here V is the covariant derivative in background 
gravitational field. 

The only way to break current conservation is to modify the Maxwell equations. It 
can be done, in particular, by an introduction of non-zero photon mass. After the two- 
dimensional example discovered by Schwinger [6|, several mechanisms have been proposed 
to generate photon mass in four dimensions. The photon mass could be created as a result of 
spontaneous breaking of the gauge [/(l)-symmetry or, possibly, topologically [?| in analogy 
with the original suggestion [6J. Here we will not go into theoretical justification for the 
photon mass but simply assume that it exists and consider the cosmological implications of 
this assumption. 

In the case of non-zero photon mass, instead of eq. (Q, we would have the Proca equation: 

V M F^ + rrfA" = Anr. (3) 
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The current may be non-conserved and new longitudinal degrees of freedom of the vector 
field would appear: 

Ait 

V U A V = -^V U J U . (4) 

However, because of the extreme smallness of the experimentally allowed value of the photon 
mass the effects of current non- conservation lead to disastrous infrared problems in the 
theory The photon mass is best bounded from above by astronomical observations of 
magnetic fields of celestial bodies or galactic magnetic fields, for a review see ref. [8]. A 
robust and quite strong limit is found from the measurement of the Jupiter magnetic field 
by the Pioneer-10 mission which gives 

m 7 < 6 ■ 1(T 16 eV or A 7 > 3 ■ 10 10 cm, (5) 

where A 7 = 1/ m 7 is the Compton wavelength of the photon. 

A much stronger result is obtained from the fact that there exist galactic magnetic fields 



coherent on the galactic size of a few kpc [1 Ot ] : 

m 7 < KT 27 eV or A 7 > 10 22 cm. (6) 



However, it was argued in ref. [llj] that if photon acquires its mass through spontaneous 
breaking of the gauge C/(l)-symmetry, the bound (jSJ) may be invalid, while the bound (J5]) 
still remains. On the other hand, as argued in ref [2], spontaneous breaking of the electro- 
magnetic ?7(l)-symmetry leads to the existence of a new light scalar, which is excluded by 
experiments. 

Anyhow the photon mass is very strongly bounded from above and such a tiny value of m 7 
would lead to a catastrophic emission of the longitudinal photons in the case of non-conserved 
current [2j . The probability of this process is proportional to a power of (VJ-E'/m 7 ) 2 , 
where E is the characteristic energy in the reaction. Moreover, the diagrams with virtual 
longitudinal photons demonstrate the same kind of mass singularity and, as argued in ref. , 
it can create a very strong, exponential, suppression of charge non- conserving processes. 

Due to this complications and pathological behavior of theory of very light vector field 
interacting with non-conserved current, we will consider, in what follows, only the case when 
current conservation condition tfZfj is strictly fulfilled. 



Still the current conservation does not prevent from generation of cosmological electric 
asymmetry if photons are massive. Electric charge could be captured by a black hole (BH) 
and, if m 7 7^ 0, the Coulomb field or, more precisely, the Yukawa field would vanish outside 
BH. In this sense electric char ge d isappears inside BH without any trace. This effect is 



discussed in several papers 



12L Il3l . [l^ and is in a sharp contrast with massless electrody- 



namics. For massless photons a charged BH creates the usual Coulomb field, A t = Q/r, 
in outer space. Thus electric charge never disappears from our world. If m 7 7^ one may 
naively expect that A t = Qe~ mjr /r, but this is very wrong and A t = for any arbitrarily 
small m 7 . As we see in what follows, if a charged particle is outside BH horizon, the Yukawa 
potential behaves as A t = Qe~ ra ~< r {R c — R g )/rR c , where R g is the Schwarzschild radius of 
BH and R c > r g is the position of the charged particle. Thus we see that electric charge 
creates weaker and weaker field when it approaches BH. In this sense we can speak about an 
effective electric charge nonconservation. This phenomenon makes possible the generation 
of cosmological electric asymmetry. 



Cosmology of electrically charged universe was considered in a number of papers [151 ]. 
both with massless and massive photons. If m 7 = 0, the uniformly charged universe, with 
electric charge density J t = a, cannot be homogeneous and isotropic. Indeed from the Gauss 
law in the Friedman-Robertson- Walker (FRW) metric follows: 

1 



-A (V^gF^ ) = div E = Ana . (7) 



This implies that the vector of electric field, E, should be a rising function of coordinates: 

E ~ x (8) 

The situation would be drastically different if photons are massive. Instead of eq. (J7|) we 
would have: 

div E + rn^At = Aira (9) 

where A t is the time component of the vector potential. In this case an isotropic homogeneous 
solution evidently exists and takes the form: 

A t (t) = 4na/m* (10) 
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with zero electric field, E — 0, and vanishing space components of the vector potential, 
Ai = 0. Because of current conservation (j2j), the charge density in the homogeneous case 
drops as a ~ l/a 3 (t), where a(t) is the cosmological scale factor. Correspondingly A(t) ( flOl) 
drops down by the same law. 

The energy-momentum tensor corresponding to solution (flOj) is singular at m 7 — > 
because of the terms: 

7^ = -2m^ M ^ - ^m^ Q A a + ... (11) 

The complete expression for T\iv is presented below, eq. (1231) . where the terms, which ensure 
positive definiteness of the energy density are included. 

Because of the singularity l/m 7 in the energy density a spontaneous generation of the 
electric field may be possible when formation of domains with chaotically distributed electric 
fields, behaving according to eq. (jHJ), which has a smooth limit to m 7 = 0, would be 
energetically more favorable than the homogeneous but singular in m 1 solution (flOl) . 

In analogy with baryogenesis, for a generation of cosmological electric asymmetry three 
Sakharov's conditions 16J are expected to be fulfilled: 1) non-conservation of electric current 
(remember, however, that we have assumed that electric current is conserved), 2) breaking 
of C and CP, and 3) deviations from thermal equilibrium . There have been considered 
scenarios [l?j, Q] where the electromagnetic U(l) symmetry was broken at the early cos- 
mological stage and restored at lower temperatures (in contrast to the electroweak theory, 
where symmetry is broken at low T). However, if the symmetry was broken spontaneously, 
then after its restoration the net electric charge would disappear due to the release of the 
compensating charge from the vacuum Still, the electric currents generated in the pro- 
cess of neutralization could be traceable through magnetic fields generated at this epoch. 
Such fields could be the seeds of the observed magnetic fields in galaxies 



In this work we will consider only the case of formally conserved current, when the 
operator equation (j2J) is fulfilled. We assume also that the mass of the photon is small 
but non-zero. In such a case an electric charge asymmetry of the universe must be created 
because of an electrically asymmetric evaporation of light black holes or by asymmetric 
charge capture by heavy black holes, which mimic charge non-conservation. 
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The process of electrogenesis by black holes is exactly analogous to baryogenesis by black 
holes with conserved baryonic charge. It was discussed in the original papers [l9] and in the 
review j^, where it is explained in detail that the condition of charge nonconservation is 
unnecessary for this mechanism. 

As is well known, in the standard theory black holes (BH) may have non-vanishing 
gravitational field related to their mass and rotation and Coulomb field created by their 
electric charge. They are indistinguishable otherwise. However, if photon is, even a little, 
massive, Coulomb field outside BH would disappear without any trace. In other words, 
black holes do not have electric hairs if the gauge boson (photon) has non-vanishing mass. 

For massive photons in flat space-time the Coulomb potential changes into the Yukawa 
one: 

A * = 7 - > ( 12 ) 

but in Schwarzschild space-time outside a charged BH the normal Yukawa (or, if m 7 r <C 1, 



Coulomb) potential becomes identically zero for any small m 7 7^ 
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14): 



A t = - -+ A t = (13) 
r 

This can be seen from the solution of the Proca equation in the Schwarzschild metric. In a 
simple spherically symmetric case when a charged shell with radius R c surrounds a BH with 
radius R g the Proca equation for the Coulomb potential takes the form 

4 W--^^ = 0, (14) 
r l r — R g 

where prime means derivative with respect to r. 

Introducing the effective charge q = r A t and the new variable y = 2m 7 (r — R g ) we find 

d 2 q ( 1 (jl 



where [i = m 1 R g . 



V4 + §)^ ' (15) 



This is the Whittaker equation with the solution expressed in terms of confluent hyper- 
geometric functions |21l |: 

q(y) = Cye~y/ 2 <5>(l+ f i/2,2,y) + Bye-y/ 2 y(l + f i/2,2,y), (16) 



The coefficients C and B are found from the condition of vanishing of the field at infinity and 
of absence of singularity on the horizon, y = 0. Otherwise the energy would be infinitely big. 
One can check that when the radius of the charged shell tends to the gravitational radius, 

R c ► Rg, 

g~g ^V^r(i + / V2), (17) 

tic 

where V{z) is the usual gamma-function and go is the electric charge of the shell in flat 
space-time. We see that the electric field vanishes as the charged shell approaches the 
gravitational radius and disappears completely when the charged shell is swallowed by the 
black hole. We obtain thus an effective non-conservation of electric charge, despite formal 
current conservation. This is a well known phenomenon of breaking of global symmetries by 



black holes. Such vanishing of electric field outside BH was demonstrated in refs. [12J, |l3|, [14 ] 
for a pointlike charge particle approaching BH. 

Seemingly the transition from m 7 ^ to m 7 = is discontinuous in presence of a black 
hole. If m 7 = 0, q = const, while if m 7 ^ 0, q ~ (R c — R g )/R g . On very large distances the 
field disappears anyhow because of the exponential Yukawa cutoff, ~ exp(— m 7 r), but for 
m 7 r < 1 the field would be effectively the Coulomb one with the diminishing charge, while 
the shell approaches the gravitational radius. The mass discontinuity is indeed present 
but the characteristic time of dis app earance of the Coulomb/Yukawa field when R c — > R g 
is inversely proportional to m 7 22]. Characteristic time of vanishing of the electric (or 
magnetic) field, tq ~ l/m 7 , would be ~ 1 sec if the Jupiter bound (j5J) is saturated and 
much longer, > 10 4 years, if the galactic bound flSj) is true. 

A very interesting possibility would be open if there exists a non-minimal coupling of 
electromagnetic vector-potential to gravity: 

C R = (£/2)iL4M M , (18) 

where R is the curvature scalar and £ is a constant. In what follows we assume that 
£ R > 0. The case of negative £ R corresponds to Higgs type instability and, though it may 
be interesting, is not considered here. According to the Einstein equations R is expressed 
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through the trace of the energy-momentum tensor: 

R = 87cT/m 2 Pl (19) 

In cosmo logical situation during the matter dominated stage R = 4/3t 2 , where t is the 
universe age. During the radiation dominated stage R ~ up to corrections related to the 
particle masses and the conformal anomaly. 

In what follows, the generation of electric charge asymmetry by BH in galaxies is consid- 
ered and to this end it is instructive to know the values of the effective photon mass there. 
For the average galactic mass density, with dark matter included, p ~ 10 -24 g/cm 3 and we 
find 

l/iT 1/2 « 10 7 years. (20) 



The mass density in the galactic center near the central black hole may be much higher [23] 
and the effective time of "consumption" of electric field by a black hole would be much 
shorter: 

r c ~ l/(£iT 1/2 ) « l/e /2 year. (21) 

Such a large value of the effective mass of photon does not contradict bound (jSJ) because 
the average effective photon mass in a galaxy, (120p . is much smaller. 

To describe the cosmological consequences of a non- vanishing photon mass and/or of the 
non-minimal coupling ( ITS!) let us consider the model with a charged scalar field <p described 
by the Lagrangian: 

C-tot = sfg{ ^-5- + — R An + - m 2 N 1 An — -F„ v 

tot vw\ 167rm|j 2 M 2 7 4 ^ 

-m 2 |^| 2 +[(V M +ze^)^] [{V v -ieA v )ipg^\ }. (22) 
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The energy-momentum tensor for such a theory has the form: 



= - F aT F aT - F^ F\ 



-2 



(rT - ^ g" v R^j A 2 + [gT V 2 - V V) A 2 - R A" A u 



m l \<P? - (V T <p*) V T ip + i e (if V T if* - if* V r if) A T - e 2 A 2 \ip\ 2 - -m 2 A e A e 



(V M f) V> + e 2 |y>| 2 A^ A u m 2 A'', I" + / r (. S ; ' r - V" r - - ( V" r ) .4" r ) 



(23) 



Electric current of the scalar if is equal to: 



= -2e 2 \cp\ 2 A^ + ie [cp V M if* — if* <p] 



Both T^ v and J M are covariantly conserved by virtue of the equations of motion: 



(24) 



Rpv 2 R 



ni 



T 

2 /■«" 



Pi 
2 

7' 



V M + £ i2 A v + m 2 A u + 2 e 2 M 2 A 1 ' + i e [if* V> - if V" ip*\ = 0, 



V 2 ip + m 2 ip - e 2 A v A v if - i e ( V„ A v ) <p - 2ie A v V v ip = 



(25) 
(26) 
(27) 



The homogeneous and isotropic cosmological solution with a non- vanishing electric charge 
density is easy to find. The time component of the vector potential is given by eq. (fTUl) and 
the electric part of the energy and pressure densities are 

'2 



a' 



Pel ~ Pel 



2m^ 



(28) 



Strictly speaking this result is true for fermions or for very small e 2 (<f 2 )- It is the so called 
maximally rigid equation of state when the speed of sound is equal to the speed of light 
and, if the universe was dominated by the electric contribution to T^ u it would expand as 
a(t) ~ t 1 / 6 . 

As we have already mentioned above, there are two simple mechanisms of electrogenesis 
by black holes. The first one is realized by charge asymmetric evaporation of primordial 
BH in the early universe and is analogous to baryogenesis by BH evaporation [l9]. Let 
us assume that BH emits e.g. a neutral particle, X°, which decays near horizon into two 
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charged particles, X° — > and X° — > A~B + with different decay rates. Such decays 

could be, e.g. X° — > t + u, where t is a heavy quark and u is a light antiquark. The back- 
capture of A and -B by BH would be different if ^mg and thus electric charge would be 
accumulated in outer space. Such processes may go even if the photon mass is zero, but in 
this case the accumulated charge would be very small because the charge accumulation must 
stop when the Coulomb force becomes equal to the gravitational one. For massive photons 
the Coulomb field disappears during At ~ l/m 7 and much larger charge could be created 
outside of black holes. However, the process would be inefficient in the early universe if m 7 
is bounded by eqs. (l5|6l) . On the other hand, if the photon mass is generated by coupling 
( TTBl) . the characteristic rate of disappearance of electric field inside BH would be the same 
as the Hubble rate and this does not introduce any additional suppression in addition to 
the standard ones present in baryogenesis, as e.g. a smallness of CP-violation and entropy 
suppression. 

The electrogenesis in the early universe depends upon many unknowns, in particular, on 
the number density of the primordial black holes, on the properties of X-particles, on the 
magnitude of CP-violation, etc. More realistic and much better defined mechanism is the 
electrogenesis in contemporary or slightly younger universe, which could be realized by heavy 
galactic black holes. Such black holes have been created by stellar evolution at relatively 
low red-shifts, z ~ — 5. They could also be created in the early universe, even very massive 
up to 1O 6 M , by the mechanism suggested in ref. [? ]. In the second case the process of 
the electrification would proceed during much larger interval in red-shift and could be much 
more efficient. In what follows we will concentrate on more realistic and simpler case of 
contemporary black holes. 

It is noteworthy that electrogenesis by the present-time BH does not require any violation 
of CP invariance in elementary processes. The necessary breaking of charge symmetry is 
realized by the baryo- asymmetric background. Only protons and electrons are present, while 
there are no antiprotons and positrons. 

A superheavy BH in galactic center (QSO) is surrounded by electron-proton plasma, 
ionized by the quasar radiation. The mobility of protons in plasma is much larger than that 
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of electrons. This leads to a capture of protons by BH and repulsion of electrons out, creating 
a radial electric current. Similar mechanism was considered for charging celestial bodies in 
ref. [24j in the case of the standard massless electrodynamics. If photons are massive, 
the accumulated charge can be much larger, because the electric field of the charged BH 
disappears with the rate T ch ~ m 7 and the process does not stop when the electric charge 
reaches the maximum allowed value for m 7 = 0: 

e = = = 10" 36 , (29) 

N total a m Pl 

determined by the equality of the gravitational attraction of protons and the Coulomb 
repulsion due to electric charge of BH. Here N tota i = M BH /m p = 10 57 (M BH /M Q ) is the 
total number of particles in BH, N charge is the number of excessive protons, and M Q is the 
solar mass. 

The maximum rate of the charge accumulation is given by 

Q = em^N total . 

To be more accurate, one has to solve diffusion equation for protons in the plasma around 
BH but we do not do that assuming that the diffusion rate is much larger than F c h- 

The total electric current of electrons emitted by BH would be J = Q. Presumably 
the current would not be spherically symmetric, J r = J r (r,9), because the propagation of 
electrons in the disk encounter more resistance than the propagation in the orthogonal to the 
disk direction. In this way jets of electrons perpendicular to the galactic plane accelerated 
by Coulomb repulsion would be created, which charge the universe. Such currents can create 
large scale magnetic fields with the strength 

B ~ J/R gal ~ 1(T 24 Gauss (30) 

for R ga i = 1 kpc, M BH = 10 6 M Q , and m 7 = 1/kpc. If = R, and in the galactic center 
p w 10- 10 g/cm 3 , then B w KT 20 Gauss. 

The observed value at galactic scale is B w 10~ 6 Gauss and the galactic dynamo about 
10 14 is necessary. It is a large amplification but still it may be possible. The discrepancy 
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would be diminished assuming a large coefficient £ in eq. (fT8l) but it looks rather unnatural. 
For a review of galactic magnetic field problem see ref. |25j ]. 

The total number of the excessive electrons in the outer space generated during the 
life-time of a black hole would be 

Qtot = Qt gal = io M (31) 

if we take = 1/year and t ga i = 3 Gyr. The total number of protons in galaxy N ga i ~ 10 69 , 
and correspondingly 

Qtat/N gal « 10- 35 > 10- 36 , (32) 

that is the Coulomb repulsion created by electrons may exceed the attraction by the galactic 
gravitational field. It is essential that when electrons are outside the dense galactic center, 
the Compton wavelength of photon, if created by ( fT8l) . becomes huge, larger than a few 
Mpc. It means that at this scale the electric or magnetic field is not Yukawa suppressed. 
The kinetic energy acquired by electrons during the galactic life-time is tiny. The Coulomb 
potential is only an order of magnitude larger than the galactic gravitational potential: 

$ = fff ~1(T 6 . (33) 

Hence the electrons would be non-relativistic and remain in the vicinity of the galaxies even 
during all universe age, 10 Gyr. 

It is tempting to prescribe the accelerated universe expansion to the Coulomb repulsion 
induced by the uncompensated electric charges of galaxies. However, there are several yet 
unanswered questions. How efficiently electrons can transfer their momenta to a galaxy? 
Does it go through direct scattering on hydrogen, on ionized matter or on galactic magnetic 
field? If the accelerated expansion is indeed enforced by Coulomb repulsion, what happens 
with the angular spectrum of cosmic microwave radiation? The position of the first peak at 
the point corresponding to the exactly flat universe would be accidental and not induced by 
inflation. The total cosmological mass density in this case would be about 0.3 of the critical 
one. Most probably the effect of electro-repulsion is small but still it may be interesting to 
include it into data analysis. 
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To summarize, we have shown that if the mass of photon is non- vanishing the universe 
must be electrically charged. The magnitude of cosmological electric charge asymmetry is 
determined by the unknown value of m 7 . The most promising possibility to have noticeable 
cosmological implications is m 7 ~ R. In this case large scale magnetic fields may be ex- 
plained by electric currents from central black holes with relatively mild dynamo. Electric 
repulsion of galaxies before homogenization of charge may mimic the observed cosmic accel- 
eration, though most probably the effect is subdominant and needs further investigation. 

REFERENCES 



[1] S. Sengupta, P.B. Pal, Phys. Lett. B365, 175 (1996), erratum-ibid. B390, 450 (1997); 

C. Caprini, S. Biller, P.G. Ferreira, JCAP 0502, 006 (2005). 
[2] M.B. Voloshin and L.B. Okun, Pis'ma Zh. Eksp. Teor. Fiz. 28, 156 (1978); 

L.B. Okun and Y.B. Zeldovich, Phys. Lett. B 78, 597 (1978). 
[3] A.Y. Ignatiev, V.A. Kuzmin and M.E. Shaposhnikov, Phys. Lett. B 87, 114 (1979); 

A.Y. Ignatiev and G.C. Johsi, Phys. Lett. B 381, 216 (1996); 

S.L. Dubovsky, V.A. Rubakov and P.G. Tinyakov, JHEP 0008, 041 (2000). 
[4] see e.g. A. Balysh et al, Phys. Lett. B 298, 278 (1993); 

A. A. Klimenko et al, Phys. Lett. B 535, 77 (2002); 

M. Torres and H. Vucetich, Mod. Phys. Lett. A 19, 639 (2004); 

M. Agnilar-Benitez et al, Phys. Rev. D50, 1173 (1994). 
[5] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592,1 (2004). 
[6] J. Scwhinger, Phys. Rev. 125, 397 (1962); 

J. Scwhinger, Phys. Rev. 128, 2425 (1962). 



[7] G. Dvali et al, Phys. Rev. Lett. 96, 081602 (2006), |hep-th/0511175| and references therein; 

Allen et al, Modern Physics Letters A 6 (1991) 559. 
[8] A.S. Goldhaber, M.M. Nieto, Rev. Mod. Phys. 43, 277 (1971); 

A.D. Dolgov, Y.B. Zeldovich, Rev. Mod. Phys. 53,1 (1981). 

13 



[9] L. Davis, A.S. Goldhaber and M.M. Nieto, Phys. Rev. Lett. 35, 1402 (1975); 
J.J. Ryan, F. Accetta and R.H. Austin, Phys. Rev. D32, 802 (1985). 
[10] G. V. Chibisov, Usp. Fiz. Nauk. 119, 551 (1976), translation: Sov. Phys. Usp. 119, 624 (1976). 



[11] E. Adelberger, G. Dvali and A. Gruzinov, [hep-ph /0306245 . 

[12] A. Vilenkin, Phys. Rev. D20, 373 (1979) 

[13] B. Leaute and B. Linet, Gen. Rel. and Grav. 17, 783 (1985). 



[14] A.D. Dolgov, H. Maeda, T. Torii, WU-AP-154-02, Oct 2002, |hep-ph/0210267 



[15] R.A. Lyttleton and H. Bondi, Proc.Roy.Soc. (London), A252, 313 (1959); 
A. Barnes, Astrophys. J. 227,1 (1979); 
C. Ftaclas and J.M. Cohen, Astrophys.J. 227,13 (1979); 
Y. Nambu, Phys. Rept. 104, 237 (1984); 

S. Orito and M. Yoshimura, Phys. Rev. Lett. 54, 2457 (1985); 
J.E.Kim and T.Lee, Mod. Phys. Lett. A5, 2209 (1990); 
A.D. Dolgov, Phys. Repts. 222, 309 (1992); 



E.R. Siegel, J.N. Fry, |astro-ph706 09031 , 
[16] A. D. Sakharov, Pisma Zh. Eksp. Theor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967)]. 
[17] P. Langacker, S.Y. Pi, Phys. Rev. Lett. 45, 1 (1980). 
[18] A. Dolgov, J. Silk, Phys. Rev. D47, 3144 (1993). 
[19] S.W. Hawking, Caltech preprint, 1975 (unpublished); 

B.J. Carr, Astrophys. J. 206, 8 (1976); 

Ya.B. Zeldovich, Pisma ZhETF 24, 29 (1976); 

A.D. Dolgov, ZhETF 79, 337 (1980); Sov. Phys. JETP 52, 169 (1980); 
A.D. Dolgov, Phys. Rev. D 24, 1042 (1981). 
[20] A.D. Dolgov, Phys. Rept. 222, 309 (1992) 

[21] I.S. Gradshtein and M. Ryzhik, Tables of integrals, Series and Products, Academic Press, 
(1994). 



[22] A. Pawl, Phys.Rev. D70 124005, (2004), hep-th/0411175 



[23] P. Gondolo, J. Silk, Phys. Rev. Lett. 83, 1719 (1999), Nucl. Phys. Proc. Suppl. 87, 87 (2000). 



14 



[24] V.F. Shvartsman, Astrofizika, 6, 309 (1970); 
V.F. Shvartsman, ZhETF 60, 881 (1971). 

[25] E.N. Parker, Cosmical magnetic fields: Their origin and their activity, Clarendon Press, Ox- 
ford (1979); 

A. A. Ruzmaikin et al, Magnetic fields of galaxies, Kluwer Press, Dordrecht (1988); 
R.M. Kulsrud, Ann. Rev. Astron. Astrophys. 37, 37 (1999); 

F. Krause and K.H. Raedler, Mean-field magnetohydrodynamics and dynamo theory, Perga- 
mon Press, Oxford (1980); 

D. Grasso and H.R. Rubinstein, Phys. Rept. 348, 163 (2001); 

A.D. Dolgov, |astro-ph/0306443[ 

M. Gasperini, Phys. Rev. D63, 047301 (2001). 



15 



